Deletion of both alleles of the Candida albicans CaHK1 gene, which causes cells to flocculate when grown at pH 7.5, a pH comparable to that of mammalian blood, abolishes the ability of the yeast to establish a successful infection in a murine model of hematogenously disseminated candidiasis. Within 72 h all mice inoculated with the parental C. albicans strain had died. The mice infected with either the heterozygote or revertant strain, either of which harbors only one functional CaHK1 allele, also succumbed to the infection, although survivors were observed for up to 16 days postinfection. However, mice inoculated with the ⌬cahk1 null strain survived for the course of the infection. These results indicate that CaHK1 is required for the virulence of C. albicans in a murine model of hematogenously disseminated candidiasis. In contrast, CaHK1 is not required for the virulence of C. albicans in a rat model of vaginal candidiasis.
The incidence of fungal infection has risen significantly, due in part to an increase in the number of individuals immunocompromised by disease or suppressive therapies. Antifungal drugs currently in use primarily exploit differences between the fungal and mammalian cell surface structures, but the overall similarity of the two cell types limits the number of obvious targets. The development of genetic transformation methods and the availability of a well-defined auxotrophic strain of Candida albicans, i.e., CAI4 (16) , have provided the potential for defining new pathogenic determinants of this organism which eventually could become targets for anti-infective therapies against C. albicans. In this way, the Mkc1p mitogenactivated protein kinase (MAPK) of the cell integrity pathway (15) , the CaHog1p MAPK of the putative HOG pathway (2) , and the MAPKs Cek1p (10), Hst7p, and Cst20p (19) , which all function in the same filamentation-invasion pathway in C. albicans, have emerged as potential new targets for antifungals since mutations in any of their encoding genes render C. albicans strains less virulent in a murine model of hematogenously disseminated candidiasis. However, some MAPKs of mammalian cells show a high structural similarity with each of these MAPKs from C. albicans, and eventually, any antifungal compound which inhibits the C. albicans MAPKs could also affect the activities of mammalian MAPKs. Thus, only those kinases which specifically function in C. albicans could be of interest as potential targets for antifungals. In this regard, a new group of protein kinases, which is homologous to the sensor histidine kinase family and response regulators from prokaryotes, has recently been described for C. albicans (1, 5-7, 20, 23) . Contrary to the numerous MAPKs present in mammalian cells, only a few of the mitochondrial protein kinases described thus far, such as the branched-chain ␣-ketoacid dehydrogenase kinase (BCKDH kinase) (17, 22) and four pyruvate dehydrogenase kinase (PDH kinase) isozymes (17, 21) , exhibit in their C-terminal domains the consensus motifs that characterize histidine kinases. However, recent studies have shown that the BCKDH kinase (and presumably also the PDH kinase isozymes), despite its sequence similarity to histidine kinases, does not function as such and is not involved in any phosphorelay signal transduction pathway similar to that of bacteria or yeast (11) . Moreover, the residues of substrates which are phosphorylated by the BCKDH kinase indicate that it functions like a serine kinase (11) . Thus, the functional differences between the histidine kinase-like proteins from mammalian cells and the sensor histidine kinases from either bacterial or fungal cells emphasize their potential as specific targets for compounds which can be exploited in the development of antifungals. In fact, several compounds (hydrophobic tyramine derivatives) have recently been reported to inhibit the growth of gram-positive pathogenic bacteria by inhibition of their histidine kinase and/or response regulator two-component signal transduction phosphorelay proteins (3, 4) .
In a previous study (5), we identified a gene (CaHK1, GenBank database accession no. AF013273) which encodes a putative sensor histidine kinase of C. albicans. We also constructed a ⌬cahk1 C. albicans null strain, and the physiological consequences of the lack of CaHK1 were characterized (6) . The deletion of CaHK1 gave rise to viable cells which germinate and form hyphae similarly to the parental strain. However, in comparison to the parent, the ⌬cahk1 null strain flocculated extensively under those growth conditions that induced hypha formation. Because of this phenotype, we postulated that CaHK1 could participate in a signal pathway regulating the expression of a cell surface component (6) , which could also be essential for pathogenesis.
In the present study, the ability of a ⌬cahk1 C. albicans null strain to establish infection in a murine model of hematogenously disseminated candidiasis as well as in a rat model of vaginal candidiasis has been investigated. The C. albicans strains used in this work (Table 1 provides a detailed genotype description) include a parental control strain (strain CAF2) and three strains in which either one allele (strains CHK11 and CHK23) or both alleles (strain CHK21) have been deleted. Mutant strains were derived from strain CAI4 by established protocols, and their construction has been described previously (6) . CHK23 contains one reconstituted CaHK1 allele and is derived from CHK22, a ⌬cahk1 null Ura Ϫ strain in which both alleles were deleted. CHK23 was included in all experiments to ensure that all phenotypic traits observed with CHK21 were due solely to the CaHK1 mutation rather than to unrelated mutations that may have occurred during construction of the ⌬cahk1 null strain. It should also be noted that the immediate parent of the CaHK1 mutants, strain CAI4, did not serve as a control in these experiments, since its Ura Ϫ phenotype renders it avirulent (9) . Instead, we used CAF2, a strain from which CAI4 is directly derived and with one functional URA3 allele, similar to the CHK11, CHK21, and CHK23 strains. The generation times (), calculated by growing all the strains in YPD (2% dextrose-2% peptone-1% yeast extract) at 28°C and 200 rpm, were not significantly different from one another (P Ͼ 0.03) (CAF2, ϭ 1.10 Ϯ 0.08 h; CHK11, ϭ 1.14 Ϯ 0.06 h; CHK21, ϭ 1.39 Ϯ 0.02 h; and CHK23, ϭ 1.13 Ϯ 0.07 h). Also, all strains undergo the yeast-to hyphal-stage transition, even though at pH 7.5 the CaHK1 mutants flocculate by interactions along their hyphal surfaces.
In order to investigate whether CaHK1 was required for C. albicans infection in a mouse model of hematogenously disseminated candidiasis, each C. albicans strain was grown in YPD medium at 28°C to stationary phase. Cells were harvested by centrifugation, washed twice in calcium-and magnesiumfree phosphate-buffered saline (PBS; Gibco-BRL), and suspended to a density of 2 ϫ 10 6 cells per ml on the basis of hemocytometer counts prior to use. Subsequently, groups of seven male BALB/c mice (18 to 20 g each; Charles River Laboratories) were injected intravenously via the lateral tail vein with 0.5 ml (10 6 cells) of a cell suspension of either CAF2, CHK11, CHK21, or CHK23. Mice were observed twice daily for signs of morbidity. Mice in a moribund state were euthanized by CO 2 inhalation. Concomitantly, each C. albicans strain was used to inoculate 15 additional mice. Five members from each group were sacrificed by CO 2 inhalation at 24, 48, and 72 h postinfection. One kidney from each mouse was removed at 24 h, fixed in 10% formalin, and prepared for histological examination. After embedding in paraffin blocks, 4-m-thick sections were cut and affixed to slides. Samples were then stained with periodic acid-Schiff stain and examined by light microscopy. The other kidney, as well as the liver, from each mouse was also excised, weighed, and finally homogenized in 5.0 ml of PBS. The homogenate was diluted in PBS, and aliquots were plated on Sabouraud dextrose agar supplemented with 50 g of streptomycin per ml to prevent bacterial growth. Plates were incubated at 30°C for 24 to 36 h, and the numbers of CFU per gram of tissue were then quantitated.
The data presented in Fig. 1 show that all mice infected with CHK21 survived throughout the experiment. In contrast, all mice infected with the parental control (CAF2) succumbed to infection within 3 days, and survival times for mice injected with either the heterozygote (CHK11) or revertant (CHK23) strain were intermediate between that observed for mice inoculated with the parental control strain (CAF2) and that observed for mice inoculated with the null strain (CHK21). Product-limit survival estimates were calculated by the KaplanMeier method, and the log rank test was employed to examine the homogeneity of survival curves among the four strains. The overall differences in survival among strains were highly statistically significant (P ϭ 0.0001). Individual comparisons did not vary from the overall pattern: CHK21 Ͼ CHK23 Ϸ CHK11 (P ϭ 0.0001), CHK21 Ͼ CAF2 (P ϭ 0.0004), CHK23 Ͼ CAF2 (P ϭ 0.0004), CHK11 Ͼ CAF2 (P ϭ 0.009), and CHK23 Ϸ CHK11 (P ϭ 0.49). Thus, survival of mice infected with CHK21, CHK11, and CHK23 was greater than that of mice infected with CAF2.
Quantitative determinations of the level of each C. albicans strain associated with host tissues suggest that CHK21 was slowly cleared from the kidneys and liver ( Table 2 ). Levels of both CHK11 and CHK23 are similar to or slightly lower than that observed for the parental control; both strains persisted in tissues at 72 h. In order to determine the significance of differences observed among strains for each target organ at each of three points in time (24, 48, and 72 h), a general linearmodel procedure was used. Tukey's multiple comparison test was employed to hold the type I error (␣) constant at 0.01. In terms of virulence in the liver, several statistically significant differences were seen (at P Յ 0.01) in recovery of C. albicans (mean log 10 [CFU/g]) at each of the time intervals. The following results were obtained: at 24 h, CAF2 Ͼ CHK23 Ͼ CHK21 and CHK11 Ͼ CHK21 (no other comparisons revealed differences); at 48 h, CHK11 Ͼ CHK23 or CHK21 and CAF2 Ͼ CHK21 (no other comparisons revealed differences); at 72 h, CHK11 and CHK23 Ͼ CHK21. CHK11 and CHK23 did not differ from one another. In terms of virulence in the kidney, several statistically significant differences were seen (at P Յ 0.01) in recovery of C. albicans (mean log 10 [CFU/g]) at each of the time intervals: at 24 h, CHK11 Ͼ CHK21 (no other comparisons revealed differences); at 48 h, CAF2 Ͼ CHK23 Ͼ CHK21 and CHK11 Ͼ CHK21 (no other comparisons revealed differences); at 72 h, CHK23 and CHK11 Ͼ CHK21, and CHK23 and CHK11 did not differ from one another. By 72 h, all mice infected with CAF2 had died. Histological examinations of kidney tissue support these observations. Thus, CAF2 and the strains with one allele deleted (CHK11 and CHK23) showed mycelial growth in infected tissue, but CAF2 formed more extensive hyphae ( Fig. 2A) than CHK11 (Fig. 2B) or CHK23. Also, mycelial growth was observed in tissues infected with CHK21, but in comparison to those infected with CHK11 or CHK23, smaller amounts of cells were observed (Fig. 2C ), probably because a more effective clearing of the CHK21 strain was performed by phagocytic cells in comparison to the clearing of CAF2 or the strains with one allele deleted, which grew extensively in the tissues and eventually killed the mice.
CaHK1 encodes a putative sensor histidine kinase that is likely involved in sensing some signal. In order to investigate whether a CaHK1 null mutant remained avirulent in response to other environmental signals indigenous to a host niche but different from those perceived by the yeast during a hematogenously disseminated infection, a rat model of vaginal candidiasis was made by infecting ovariectomized, estrogen-treated rats with 10 7 yeast cells of each strain as previously described (13, 14) . The results are shown in Fig. 3 . Interestingly, infection with either the null mutant (CHK21) or the heterozygous control strains (CHK11 and CHK23) resulted in rates of clearance identical to that for the parental control (CAF2). Thus, for all strains, a sustained vaginal infection was observed during the first 3 days and a gradual decline in the fungal burden was observed over the next 19 days. Also, the kinetics of clearance for each strain was very similar to that reported for other vaginopathic strains (12) . Microscopic examinations of vaginal scrapings taken from rats infected with each strain showed the typical yeast forms 1 h after challenge, but after 48 h, each of these strains developed hyphae in a very similar way (data not shown).
The avirulence of the ⌬cahk1 C. albicans null strain in a mouse model of hematogenously disseminated candidiasis and the virulence of this mutant in a rat model of vaginal candidiasis indicate that the requirement of CaHK1 for the pathogenesis of C. albicans is related to the host niche. Since the virulence of CHK21 in the murine model of hematogenously disseminated candidiasis was restored by reintroduction of a parental copy of CaHK1, it is clear that avirulence of CHK21 in the murine model is directly associated with the loss of the CaHK1 gene. Recently, it has been reported that an alteration of the position of the URA3 selectable marker in some C. albicans mutant strains obtained by the Ura-blaster protocol may cause a change in its level of expression, which could complicate the interpretation of reduced virulence or avirulence of mutants (18) . However, determinations of the orotidine 5Ј-monophosphate (OMP) decarboxylase activities of the CHK11, CHK21, and CHK23 strains did not indicate any difference with respect to the OMP decarboxylase activity of CAF2. In fact, these results as well as the similar growth rates of CAF2 and the CaHK1 mutant strains indicate that the difference in virulence of CAF2 and the CaHK1 mutants could not be due to the position of the URA3 locus in the latter strains, since the three CaHK1 mutants carry the URA3 gene in exactly the same position in the chromosome (6) . Furthermore, the virulence of CHK21 in a model of vaginal candidiasis rules out the possibility that the results obtained in the model of hematogenously disseminated candidiasis could be due to the slight difference in the generation time between the parental strain (CAF2; ϭ 1.10 Ϯ 0.08 h) and the CaHK1 null strain ( ϭ 1.39 Ϯ 0.02 h). However, we cannot totally exclude the possibility that the small difference in the generation time estimated in vitro between CAF2 and CHK21 resulted in pathogenic differences observed in vivo during the hematogenously disseminated infection. Also, we did not compare the levels of hydrolytic enzymes that are thought to be virulence factors, such as the members of the secreted aspartyl proteinase family (encoded by the SAP1 through SAP9 genes) (8) and the secreted phospholipase activities (8) , in the ⌬cahk1 null and parental strains. Likewise, the adhesion of the ⌬cahk1 null strain to different host ligands (8) was not measured. Therefore, it is possible that the expression of these factors could have been affected by the lack of CaHK1 in the ⌬cahk1 null strain in the hematogenously disseminated infection rather than in the vaginal infection. In addition, since Cahk1p may function in signal transduction, it could also play a role in the expression of multiple potential pathogenic factors not related to cell surface constituents.
In summary, our data indicate that the virulence of CHK11 and CHK23 in a murine model of hematogenously disseminated candidiasis is due to the presence of one functional CaHK1 allele, while the avirulence of CHK21 is due to the absence of any CaHK1 allele. Also, CaHK1 is not required for the virulence of C. albicans in a rat model of vaginal candidiasis.
In conclusion, these data indicate a role for CaHK1 in a hematogenously disseminated infection caused by C. albicans. We have previously proposed that CaHK1 may be a component of a phosphorelay system that regulates the expression of a cell surface protein(s) (6) . Presently, we have shown that the changes in the cell surface caused by the CaHK1 deletion also affected the ability of a ⌬cahk1 null strain to invade tissues and cause disease in a host niche-dependent way. This supports the previous observations of others that the host niche regulates the expression of virulence determinants (14) and indicates that CaHK1 could be involved in regulating the expression of some of these determinants. Finally, the absence of functional histidine kinase signal transduction pathways in mammalian cells and the recent reports about compounds which specifically inhibit the activity of these proteins make the histidine kinases of C. albicans, particularly Cahk1p, an attractive target for the development of new antifungal drugs. We thank William Fonzi for performing the OMP decarboxylase assays.
